The natural instability mechanisms are inherent in most of the laminar and turbulent flow configurations. Usually, these instabilities result in the formation of flow structures occurring at diverse spatial and time scales. An effective control requires an actuator able to bring momentum transfer over a wide range of frequency to act on these instabilities. Promising results are expected for such control strategy because, according to stability theory, a small amplitude perturbation can be large enough to produce significant effects even at high Reynolds number. Moreover, simultaneous production of small perturbations at several frequencies can enhance or cancel non linear interactions; this opens alternative methods for flow control. The focus of the present study is to demonstrate the ability of plasma actuators to introduce flow perturbations at single and dual frequencies by simply adjusting the waveform of the voltage applied to the plasma actuator. The flows produced by a dielectric barrier discharge supplied by burst, superposition and ring modulations are described in temporal and frequential domains. The results confirm the potential of non-thermal plasma actuators to produce highly unsteady flows at single, double or multiple frequencies.
Introduction
For a few years, active airflow control by plasma actuator has been enriched by a comprehensive literature. Practically, a surface plasma actuator operates by applying a high voltage between at least two electrodes placed on both sides or on the top of a dielectric material. The electric field results in a weakly ionized region above the dielectric. The electrochemical interactions between air and plasma lead to complex plasma kinetic phenomena due to coexistence of low density of electrons, positive and negative ions and neutral particles [1] [2] . Such plasma discharges produce a wall tangential jet flow [3] [4] [5] [6] due to a self-sustaining process involving high rate of collisions between neutral and charged particle [7] [8] .
Substantial efforts have been done to increase the electric wind velocity by modifying the geometry of the actuator [5, 9] or by adjusting the electrical signal [10] . However, the time-averaged produced electric wind does not exceed 7 m/s in the case of a single dielectric barrier discharge (DBD). Basically, this confines the use of plasma actuators to flow regimes corresponding to moderate external velocity (typically lower than 50 m/s) [11] [12] . In most cases, control of flow at Reynolds number higher than 500000 remains a real challenge.
Most of the practical flows are turbulent, which involves simultaneous occurrence of multiscale flow structures. Both in laminar and highly turbulent flows, there exists strong linear interactions between the coherent structures which dominate the global dynamics of flow. However, threedimensional effects can not be neglected in turbulent regimes. These effects are related to non-linear processes mostly occurring at high frequency (small scale interactions). As widely explored in the literature material [13] [14] , one can take significant advantage of the multi-scale aspect of turbulent regimes. Regardless of the control technology, significant improvements in the control performance have been reported when excitation frequency matches the natural frequency related to the large-scale flow structures [15] . Excitations at high frequency can also affect turbulent flows by a mechanism still debated in the community [16] [17] . To improve the control effects by amplification or cancellation of the linear and non-linear interactions, one can generate perturbations at one, two or multiple frequencies, simultaneously.
Usually, active control systems are based on mechanical construction. Therefore, such actuators are not fast enough to reach the bandwidth required for multi-frequency actuation. This point is especially verified in laboratory experiments as, in laboratory conditions, the model sizes are much lower than real ones whereas the frequencies are higher. The high bandwidth operability of plasma actuator is established [18] , suggesting a high potential for multi-frequency forcing. Usually, flow control by surface plasma is designed to act on a mono-frequency target. For instance, TollmienSchlichting instabilities of a boundary layer can be suppressed or amplified through non-linear processes promoted by a plasma forcing [19] . Another example is the use of non-thermal plasma discharge to excite instability modes of axisymmetric jet flow [20] . Effective flow separation control by plasma seems also involved action on the instability mechanisms originating at the separation point [11] [12] [21] [22] . In most of the studies related to unsteady actuation by plasma discharge, the local jet flow resulting from such operating conditions is not detailed. A better knowledge of the electric wind produced by a DBD operating under modulation can be helpful to increase the effectiveness of plasma actuator to control turbulent flows. Furthermore, new control strategies relative to non-linear reinforcement or stabilization of the flow structures may emerge from the capability of plasma discharge to produce airflow composed of multi-frequency components.
The present study proposes to investigate how the surrounding fluid, initially stagnant, reacts to a plasma surface discharge driven by modulated electrical signals. The produced airflow resulting from simple sine waveform is briefly presented as the reference case. Then, burst modulations, signal superposition and ring modulations are successively introduced and discussed. The correlation between the applied voltage and the resulting produced airflow in temporal and frequential domains are presented. Measurements are performed by a Laser Doppler Velocimetry (LDV) system permitting the time-history description of the induced airflow. The main objective is to highlight the opportunity of multi-frequency excitations using a conventional single DBD non-thermal plasma actuator.
Method
The typical single DBD actuator used in the present study consists of two thin electrodes flush mounted on both sides of a 3-mm-thick dielectric plate (PMMA, 200 x 200 mm²). The width of airexposed electrode (active electrode) is 10 mm whereas the grounded electrode is wider (20 mm) that allows a full plasma extension (figure 1). The inter-electrode space is 5 mm. The grounded electrode is embedded in epoxy resin to avoid the discharge below the plate. 18 kV and frequency f AC (this frequency can be changed according to the studied case but most of the experiments are performed at f AC =1500 Hz). This sinusoidal waveform composes the carried signal necessary to initiate and sustain the plasma and its expected to contain mono-frequential component [5, 23] . Different low voltage signal modulations are also generated: -The first corresponds to a burst modulation. It consists of switching on and off the discharge at a frequency f BM (figure 2a). Such modulation is performed by multiplication of the carried sinusoidal signal (at f AC ) by a pulse square wave having an adjustable frequency f BM and duty-cycle fixed at 50% (here the effects of duty-cycle are not investigated but results can be find in [24] ). The burst modulation should result in dual-frequency characteristic in spectral domain (frequency peaks at f AC and f BM ).
-The second modulation concerns a superposition mode (figure 2b). The carried signal is added to a second sinusoidal waveform having a frequency f SM . The frequency f SM has to be one order of magnitude lower than f AC . According to signal processing theory, such modulation produces two sidebands at f SM and f AC .
-The third modulation is about typical ring modulation simply based on multiplication of two sinusoidal waveforms (figure 2c). The amplitude of the carried sine signal at f AC =1500 Hz is periodically varied by a carrying, or modulating, signal having a lower frequency f RM (f RM can vary).
Ring modulation is very similar to typical amplitude modulation. The two main differences are a) ring modulation is ever varied by 100% above and below its unmodulated level, and b) ring modulation is composed of two sidebands in frequency domain (at f AC -f RM and f AC +f RM ) when the DC offset of amplitude modulation means that the carrier frequency remains in the output signal. As a result, ring modulation has theoretically no fundamental at f RM .
These generated low voltage signals are send to the memory bank of a signal generator At quiescent flow conditions, the actuation produced a local airflow above the dielectric wall.
Time-resolved velocities and power spectra densities are measured using a mono-component Laser Doppler Velocimeter (LDV). The light source is a 5 W Argon-ion laser. Two intersecting green beams (wavelengths of 488 nm) compose the measurement volume (the probe surface is 0.2x1 mm²). Then, the near-wall measurements are limited to a minimum distance of 0.1 mm from the dielectric surface (i.e., in the y-direction) and velocity is spatially averaged over 0.2 mm². The optical system is fixed on a micrometric displacement system (±0.01 mm). The optic arrangement is set to measure the primary velocity component of the produced wall jet flow (U-component in the x-direction). The LDV system measures the velocity of dielectric oil droplets (Ondina 15, Shell) which seed the enclosed flow. The mean size of these droplets is of about 0.5 μm. The small size of these particles insures that they accurately follow the overall flow field while the charged effects can be neglected [25] . To ease the seeding, the actuator is placed in an airtight glass box whose dimensions are sufficient to limit the wall effects on velocity measurements (300 x 400 x 800 mm 3 ). The sampling frequency varies in [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] kHz range and 800,000 bursts are stored for each acquisition points. A slotting method including a weight scheme is coded to post-process the stochastic signal issuing from the LDV system [26] .
Finally, the power spectra densities are computed for the fluctuating parts of the induced airflows. For the time evolution of the velocity, the acquisition rate is sometime too low to accurately describe the flow dynamic (only 9 to 16 data points per cycle). In these cases, a phase reconstruction algorithm is applied. This algorithm considers 45,000 modulated cycles. The 45,000 periods are superimposed by an adequate time shift. Then, the resulting oversampled period is discretized in 400 bins. Finally, a weighted ensemble average is performed for each bin. This average considers approximately 1000 data points at least and results in a final temporal resolution of 1.66 μs.
The waveforms applied to the actuator, the velocity acquisitions and the voltage measurements are realized by using an external computer with a customized LabVIEW interface which allows synchronous measurements (figure 3). 
Results

Simple frequency excitation: Sine input signal
First, a sine signal is applied to the active electrode. Such input signal is widely used in literature to control airflow and/or give better insights on the force production process. The upper limit of the driven frequency is numerically of about 100 kHz [27] , but transmission of the excitation frequency to the surrounding airflow has been verified from 500 Hz up to 1500 Hz [5, [23] [24] . This basic input A sample of the electric wind time-history is plotted in figure 5a for a DBD supplied by a sine wave at f AC =150 Hz (at x=3 mm and y =1 mm, see figure 1 for the coordinate system). The velocity signal presents a pattern repeating at 150 Hz but the velocity production is not uniform over the whole period of a sine wave. Indeed, as previously reported in [5] , the negative-going-cycle (glow regime)
relates to velocity production when the positive-going-cycle (streamer regime) leads to a velocity decrease. Here, at low f AC , the velocity signal behaves as a train of pulses. At high f AC , a phase reconstruction is required to accurately access the time-resolved velocity generated by the plasma.
Figure 5b presents the electric wind dynamic estimated by phase reconstruction when the DBD is operated at f AC =1500 Hz. In this case, the electric wind oscillates according to a nearly sine wave at f AC =1500 Hz. Again, only half the signal period produces an increase in velocity. One can notice that the location of the measurement is not optimized to access the maximal induced airflow that explains the low produced electric wind in regard to previous published results.
These time-resolved results highlight the improvement of the mean produced electric wind observed for increasing f AC [5, 10, 28] . At low f AC , it has been verified that the signal period related to lower velocity production (i.e., streamer regime) is longer than at high f AC (data not shown). As a result, the mean produced velocity is lower at low f AC whereas the amplitude of the relative velocity fluctuation, u'/u max , is enhanced (verified for 150<f AC <1500 Hz at x=3 mm). The frequency domain description downstream of the plasma is performed by analysing the power density spectra at different x locations (x=5, 10 and 15 mm, at y= 1 mm when a visible plasma extension of about 2-5 mm is expected). This is conducted to quantify amplification or attenuation of the spectral component further downstream the plasma region. Results for fundamental frequencies at 300, 900 and 1500 Hz are plotted in figure 6 . As observed in figure 5 , the induced airflow behaves as a pulsed train at low f AC and looks like a sine waveform at high f AC . As a result, the produced airflow has a fundamental at f AC but significant harmonics are produced every nf AC . At the lowest f AC , the total energy content in the fluctuating part of the produced flow (i.e., the integral of PSD over the frequency range considered) decrease with x location (Fig. 6a) . Sine signal at higher f AC distinguish by amplification of the total energy, and more specifically, of the fundamental peak amplitude, this up to 10 mm. This should relate to a longer plasma extension at higher frequency that enlarges the region of momentum transfer by a suspected cumulative effect of energy exchanges between charged and neutral particles (additional data indicate that amplitude of fluctuations linearly increases with the plasma extension). Conversely, a lower frequency f AC produces an expansion of plasma reduced, which explains a faster dissipation of energy beyond the end of plasma extension due to viscous effects. More specific comments on energy transfer over frequency bands (and then over the different fluctuation scales) can be made. In addition to the fundamental peak, the 'high-frequency' excitation leads to increased energy distributed over a broadband spectrum (but still centered on the fundamental, see figure 6c at 5 mm for instance). For location further downstream the plasma sheath, new distribution of energies over frequency occurs. It seems that energies of high frequency content are transmitted to the lower frequency ranges. 
Double frequency excitation: Burst modulation
Sine wave modulated by a burst signal is commonly used as input waveform for DBD dedicated to flow control. The effects of such actuation are widely commented as burst modulation in most cases improves the overall aerodynamic performances [11] [12] . The physical reasons of the performance enhancement are presumably related to an action on the natural instability waves of the controlled flows. However, the detailed study of the electric wind resulting from such input signal has rarely been addressed. The analysis of the electric wind formation may be helpful to elucidate the control processes involved when burst modulation is used.
The burst modulation consists of an AC sine signal alternatively switched on and off: the discharge is sustained by the carrier signal while the modulation frequency, f BM , manages the starting (switching on) and switching off of the discharge. Here, a sine waveform at V=18 kV amp and f AC =1500
Hz initiates and sustains the plasma discharge. A train of pulse with a duty-cycle of 50% modulates the AC sine signal in triggered mode.
The electrical measurements are performed for modulation frequencies (f BM ) of 50, 150 and 300 Hz. The power density spectra of the applied voltage at the air-exposed electrode are plotted in figure 7 . It was expected that such modulation results in a pair of sidebands at f AC and f BM . The frequency f BM related to the fundamental of the pulse train is evidenced in figure 7 but the signal is enriched by strong harmonics every nf BM . The frequency f AC corresponds to the bump at 1500 Hz. To summarize, input voltage resulting from burst modulation presents a rich frequential content with fundamentals at f AC and f BM superimposed by numerous harmonics at nf BM . The time-dependent evolution of the resulting electric wind is shown in figure 8 . Results
indicate that the momentum transfer is strongly non-stationary. As previously observed in [5] , when the discharge is on, the velocity production is related to the negative-going-cycle of the voltage. The positive-going-cycle produces a fluid deceleration resulting in an oscillatory flow at f AC . When the plasma is switched off, this period corresponds to the relaxation of the induced airflow. Figure 8 highlights the transient formation process of the electric wind. The airflow production is not instantaneous and several AC cycles are needed to attain the asymptotic permanent velocity value.
Consequently, when modulated at low f BM , the on period includes enough voltage cycles at f AC to reach the maximal flow at the investigated location (here local u max of about 1.6 m/s). At higher f BM , the on period is reduced (then the attained velocity is self-limited) but the off period is also shortened. This is of primary importance as the off period duration drives the velocity at its end that is equal to the velocity at the beginning of the next on period. This velocity will be called "initial" velocity. If this time is too short (i.e. too high frequency), the fluid is not fully relaxed when the next on period starts.
This results in a positive initial electric wind velocity that reduces the amplitude of velocity fluctuations. Regardless of this initial velocity, the electric wind increases by an AC cumulative effect.
One can also notice that the velocity slope differs for the on and off periods. When the flow naturally relaxes (off period), no body force is applied to the surrounding airflow. During the on period, the flow oscillations suggest that two different body forces are produced over an AC cycle.
The negative-going-cycle produces a fluid acceleration resulting in a velocity increase whereas a deceleration is observed during the positive-going-cycle. However, the slope of the decelerating period differs from the slope due to the relaxation, suggesting that an opposite body force is responsible for the flow deceleration. This point has to be investigated in detail in future investigation.
Concerning the time-averaged electric wind, the contribution of the on and off periods is equal.
For instance, at f BM =50 Hz, the instantaneous electric wind can reach the saturated velocity whereas the end of the off period corresponds to a minimized airflow. In the case of burst modulation, the last results shown here relate to the PSD at y=1 mm and x=1, 3 and 5 mm ( figure 9 ). The location of these measurements is motivated by characterization in the plasma vicinity. Indeed, to be effective the plasma discharge has to be at the separation point where instabilities flow and produced fluctuations interact. These spectra present two high energy peaks at f AC and f BM . As compared with the frequency signature of the voltage, the harmonics at nf BM are significantly reduced, due to the response of the fluid (see figure 8a) . However, the energy contained in these harmonics is increased along the plasma extension. In particular, the frequency signature of the modulating signal can be observed very close to the air-exposed electrode when energies of the carried signal frequencies are more affected by the measurement location along the plasma extension. Non-linear interactions between the frequencies are not observed in the investigated region, i.e. the frequential content is similar to the input electrical signal up to x=5 mm. As observed from figure 8, the energy imparted in the surrounding region is maximized at low frequency when f BM is more than one order of magnitude lower than f AC . 
Double frequency excitation: Superposition modulation
Superposition modulation is not usual in the literature. In our knowledge, this study is the first proposing a detailed description of the flow produced by such input excitation for non-thermal plasmas. Actuation based on superposition modulation can be very interesting as such signal theoretically results in a pair of sidebands at f AC and f SM . As mentioned in [14, 29] , simultaneous actuation at two frequencies separated by an order of magnitude may contribute to enhance the overall control effects by non-linear interactions. Superposition modulation may be an alternative to usual burst modulation.
The superposition modulation consists of summing two sine signals, one having a frequency f AC while the second oscillates at f SM . The high frequency signal (at f AC ) is carried by the lower frequency signal at f SM . The resulting waveforms for three different values of f SM are plotted in figure   10 (f AC is kept constant at 1500 Hz). In the frequential domain, the voltage applied to the air-exposed electrode is composed of two fundamental frequencies (the frequencies of each of the two added signals, i.e. f AC and f SM ). The superposition modulation conduces to two discrete peaks in the spectral domain (the broad peaks are related to the size of the FFT window) as observed for burst modulation.
However, superposition limits the number of harmonics in the applied voltage. The time-resolved electric wind close to the tip of the air-exposed electrode is shown in figure   11 . Again, a positive momentum transfer occurs for the negative-going-cycle whereas the positive cycle leads to an abrupt reduction of the velocity. This asymmetric behavior results from the two discharge modes occurring at each change in the voltage gradient as observed for typical AC sine [5, [30] [31] . The present results indicate that these two modes also exist for an unusual input waveform.
Furthermore, results suggest that higher momentum transfer is produced for AC regions having a negative mean.
The two frequencies are visible in the time evolution of the electric wind. The attained velocity strongly depends on the frequency f SM . Furthermore, the produced electric wind presents a significantly lower induced velocity and fluctuating amplitude than the ones generate by burst modulation and usual unmodulated sine wave. When f SM is increased, the resulting electric wind velocity is amplified but it is not guaranteed that the produced velocity amplitude will be large enough to manipulate airflow even at low Reynolds number. Moreover, effective and universal plasma actuators designed for instability wave control requires a sufficient velocity and fluctuations amplitude, regardless of chosen f SM . This point could be overcome by a suitable optimization. In particular, change in amplitude ratio between carrier and carried signals may enhance the produced electric wind. The PSD evolution along the plasma extension is shown in figure 12 . At each position, the spectra content two fundamental frequencies at f AC and f SM as it was observed from the voltage ( figure   10 ). On the one hand, the frequency analysis shows a similar signature than the one reported for burst modulation. On the other hand, two major differences can be observed a) the frequency content is impoverished as no significant harmonics occur b) the involved energies largely differ. The mean energy, as well as the energy related to the fundamental frequencies, are lower in the case of superposition modulation as suggested by the time-history of produced velocity. The evolution of the energies along the x direction indicates that the fluctuating level is enhanced with the distance from the tip of the air-exposed electrode. The mean fluctuating level and the energy of the peaks related to the two fundamental frequencies are progressively amplified along the plasma discharge. It can be supposed that the flow incurs an energy gain due to cumulative effect when the plasma extends further downstream.
The superposition modulation is an alternative to burst modulation for dual-frequency forcing.
At the same amplitude, the absence of harmonics in the induced flow could lead to enhanced nonlinear interaction by selecting specific frequencies. The current disadvantage on the amplitude of the generated fluctuations should be resolved in the future by optimizing the applied waveform. figure 13 and approaches an amplitude modulation performed with a modulation index equal to one (i.e., the carrier signal varies by 100% around its unmodulated level). At low f RM , the signal is obviously composed of several high amplitude AC cycles whereas higher f RM reduces the number of AC cycles oscillating in amplitude at ±18 kV amp . According to the construction of the input signal, two frequency peaks at f AC -f RM and f AC +f RM were expected and are verified in the PSDs. However, the voltage signal at the air-exposed electrode presents additional perturbations at f RM harmonics. This is due to a non integer number of AC cycles (duration equal to T AC =1/f AC ) in an half-period of the carrier signal (duration equal to T RM /2 with T RM =1/f RM ). The fluid response to the plasma discharge in the frequency domain is presented in figure 15 .
Double frequency excitation: Ring modulation
The two peaks at f AC -f RM and f AC +f RM are transmitted to the surrounding airflow initially at quiescent condition. However, these peaks are not necessarily the most energetic in comparison with peaks at 2f RM (at 100 Hz, 300 Hz and 600 Hz for f RM =50, 150 and 300, respectively). As observed for zero-netmass-flux actuator [29, 33] , the input signal is demodulated by the plasma actuator. For instance, two oscillating velocity patterns can be produced over a ring modulation period due to fluid relaxation when the change in voltage fails to promote velocity production (Figure 14a , between t=8 and 12 ms).
As a result, the fluid response to the actuation has a proper frequency at 2f RM . The two sideband peaks (at f AC -f RM and f AC +f RM ) are visible in the near field region of the air-exposed electrode and they are amplified further downstream, regardless of f RM . The energetic evolution of broadband peak at 2f RM differs. The frequency f RM is first energized between 1 and 3 mm, but further downstream the peak energy is reduced at the same level than the one at x=1 mm. Beyond the end of the plasma extension, fluctuations vanish, only both fundamental peaks f AC -f RM and f AC +f RM remain. This is especially verified at high f RM (larger than 150 Hz). At low modulating frequency, the life-time of the 2f RM harmonics is longer, as observed in figure 15a . The amplitude of fluctuation is larger and then more difficult to be dissipated further downstream. Initially, it was expected that superposition or burst modulation are preferred if the objective is to act on two frequencies of the free flow (to act on the shear layer and wake instabilities as suggested by [14, 29] ). The present results highlight the non linear response of the actuator when it operates in ring modulation. This response results in excitation at 2f RM , f AC -f RM and f AC +f RM , excitation that can meet the needs for the forcing of non linear interactions. In its present form, the ring modulation does not produce large velocity at high f RM but, as indicated for the superposition modulation, larger velocities can be expected by a suitable optimization or addition of a DC offset to form a typical amplitude modulation with adjustable index modulation.
Conclusion and perspectives
The present study deals with the characterization of the electric wind produced by a single DBD supplied by different modulated input waveforms. The plasma is ignited and self-sustained by a sine waveform at V=18 kV amp and frequency f AC equal to 1500 Hz. This case, usually qualified as a 'quasisteady' actuation is briefly described. The main part of the present paper focuses on three different types of modulations: burst modulation, superposition modulation and ring modulation. A description of the resulting time-resolved electric wind is proposed as well as the frequency signature of airflow produced along plasma discharge. Plasma actuators are recognized as useful systems due to their large bandwidth. Here, the objective was to highlight the capability of plasma actuator in term of multifrequency excitation.
The results demonstrate that the plasma systematically produces a local flow, regardless of the modulation of the input voltage. Naturally, the resulting time-averaged velocities as well as the fluctuating amplitudes differ according to the modulation. Simple and double frequency fluctuations can be produced, without or with strong harmonics. This may be helpful to effectively act on the instability phenomena, enhance or cancel the linear and non-linear interactions occurring in turbulent flows.
The results presented here also provide an insight to the temporal formation process of the electric wind and bring new considerations for future flow control experiments. Indeed, the time-resolved evolution of the electric wind formation and the spectra analysis interesting properties are highlighted. Lot of parameters of the input signal remain to be investigated. Indeed, in the present study the duty-cycle is fixed at 50% and different results are expected for other duty-cycle values. Moreover, the attained amplitude in term of mean and fluctuating velocity may be enhanced by an optimization study as currently some part of the input signal fails to create momentum transfer. It is expected that optimization of the modulation waveform may improve this transfer. In future experiments, the electric wind resulting from frequency modulation, phase-shift modulation, frequency-shift modulation and tonal input signals will be characterized. Finally, non-linear forcing strategy will be developed further in the upcoming months to control planar free shear layer.
